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-A method is developed whereby the fundamental mechanisms are 
investigated by which processing, heat treatment, and chemical 
composition control the properties of alloys at high temperatures. 
This method uses metallographic examination - both optical and 
electronic - studies of X—ray diffraction—line widths, intensities, 
and lattice parameters, and hardness surveys to evaluate fundamental 
structural conditions. Mechanical properties at high temperatures 
are then measured and correlated with these measured structural 
conditions. 
In accordance with this mthod, a study was made of the funda-
mental mechanism by which aging controlled the short—time creep and 
rupture properties of solution—treated low—carbon N—l55 alloy 
at 12000 F. The test stock was solution—treated at 2200° F for 
10 hours, water—quenched, and aged for time periods up to 1000 hours 
at 1200°, l'4.0O°, and 16000 F. 
Correlation of the structural effects of aging with the 
mechanical properties Indicated that aging had the fol1owin effects 
on solution—treated low—carbon N-155 alloy: 
(1) Aging resulted in progressive lowering of short—time creep 
resistance through removal from solid solution of 1are—radiue or 
substitutional atoms by precipitation. 
(2) Short—time aging resulted in marked increase in short—
time rupture strengths through the growth of a grain boundary phase 
which eliminated intergranular cracking. Long—t line aging re suited 
in little further change in short—time rupture strength. 
(3) Because aging lowered the creep resistance while raising 
the rupture strength, aged material exhibited greater ductility 
before fracture than imaged material. 
Calculations are carried out to show the probable character of 
the strain field induced in the solution—treated state by the presence 
of the large—radius atoms - molybdenum, tungsten, and columbium - and 
the substitutional atoms - hydrogen and carbon. The effect of this 
strain field on the creep resistance is also considered quantitatively.
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These findings however)
 should not be considered. generally 
applicable to long—time, strength, to strength at other temperatures, 
or to the same alloy in other conditions of treatment. In order tà 
develop a general theory of high—temperature strength, additional 
data on other alloys and on the same alloy in the other conditions 
will have to be gathered.
IITR0DUCTI0N 
This report covers the first part of a continuing Investigation 
into the fund.ameiital behavior at high temperatures of austenitic 
alloys designed for use in aircraft propulsion systems .- Previous 
investigation ('see reference 1, for example) has shown in part the 
effects of prior processing and heat—treatment conditions on the 
high—temperature properties of low—carbon N-155 alloy and. various 
other austenitic high—temperature alloys. In order to develop 
betterand practicable alloys on a scientific basis, to utilize 
critical materials to the fullest possible extent, and to point 
out logical methods of production control for uniform properties., 
more knowledge must be gained of the fundamental reasons for the 
high—temperature behavior of austenitic high—temperature alloys. 
The basic assumption of the investigation was that the behavior 
of certain alloys at high temperature is dependent on their micro-
structure and the lattice conditions of the matrix. The experimental 
program was therefore designed to measure first these two charac-
teristics of one alloy, low—carbon N—l55, as influenced. by heat 
treatment, chemicalcomposition, and exposure totemperature and 
stress. Optical— and electron-4uicroscope techniques and separation 
and. analysis of niicroconstitutents were used to define structural 
conditions. The lattice conditions of the matrix, particularly the 
strains present, were measured by X—ray diffraction techniques. 
Second, the creep and rupture properties, corresponding' to these 
structural conditions, were established. Third, these data were 
then correlated and interpreted using the fundamentals of physics 
of solids and plastic flow to as great an extent as possible. 
It was felt that by concentrating at first wholly on one 
particular alloy the thorough understanding thus gained could be 
best generalized for extension to other alloys.' The experimental 
variations which necessarily had to be covered require a prohibitive 
amount of work for even two alloys. Low—carbon N-155 alloy was 
chosen primarily because it was a representative alloy of a type 
important in the aircraft propulsion field. In addition there was 
a considerable background of experimental data for this alloy which 
would. be
 of value to the investigation.
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This report presents the results obtained to d.ateon bar—stock 
material, solution—treated at 22000 F for 10 hours aM aged for time 
periods up to 1000 hours at 1200°, 114.000, and 1600° F. The creep and 
rupture data were. confined. to short time periods at 1200° F under a 
restricted stress range. This is, therefore, in the nature of a 
report on the techniques developed and. progres made to date. A 
large amount of additional experimental work must be done before all 
temperatures, stresses, and time periods of interest are related to 
the structural conditions of the alloy resulting from the wide range 
of possible prior treatments. 
The investigation is part of a research program on: heat—
resistant alloys for aircraft propulsion systems conducted at the 
Engineering Research Institute of the Universiiy o± Michigan under 
the sponsorship and. with the financial assistance of the National 
Advisory Connnittee f or Aeronautics. 
TEST MAThBIA.I.S 
Low—carbon N—l55 alloy bar stock was used in this investigation. 
It represents part of the complete product of one Ingot of heat A-1726 
rolled into the 7/8—inch broken—corner square stock. Each bar from 
the ingot was numbered so that its position relative to the original 
ingot was known. The particular material considered herein came from 
the center of the Ingot. 
The composition of heat A—l726 reported by the supplier is 
listed as follows, together with the results of the analysis by the 
University of the bar from the center of the particular ingot being 
considered: 
Chemical composition 
(percent) 
C Mn Si Cr Ni Co No W Cb N 
Supplier's heat 
analysis 0.13 ____ 1.63 0.1,2 21.22 _____ 19.00 _____ 19.70 2.90 2.61 0.81i. 0.13 
Bar from center
_____ ____ 
of ingot .13: 1.11.3 .311. 20.73 18.92 19.65 3.05 1.98 .98 .11i. 
(Univ. of Mich.)
The appendix gives the complete processing schedule reported for 
the ingot of heat A-1726 from which the test stock was taken. 
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Prior to use, the stock for this investigation was solution—
treated 10 hours at 22000
 F and. water—quenched. The solution treatment 
was made unusually long for the purpose of distributing the precipitant 
atoms rand.omJ,y in the matrix and. so
 that Internal strain, due to the 
prior working of the material, would be reduced to a very low level. 
Moderate grain growth took place over the major portion of the 
bar cross section during the 10—hour treatment, but on two diagonally 
opposite corners pronounced. growth took place. A hardness survey of 
the as—rolled. bar stock showed the average hardness across one diagonal 
to be higher than across the other; from this the conclusion may be 
drawn that the rolling operation had. worked. the bar across one diagonal 
preferentially. All mechanical testing and physical measurements were 
restricted. to the fine—grained. section of the bar stock. Figure 1 
shows representative structures of the cross section of the bar stock 
as—rolled and after the, 10—hour solution treatment. 
The general procedure was to age the solution—treated stock at 
selected temperatures and time periods and then to carry out the 
microstructural studies and X—ray diffraction measurements in order 
to establish the structural characteristics resulting from the aging 
treatments. The strength properties resulting from the aging 
treatments were measured for short time periods at 12000 F. These 
experiments were intended to establish the relationship between short—
time creep and rupture properties and. nucleation, precipitation, and 
precipitate particle size and distribution during aging. 
The details of the experimental procedures are described in the 
following sections.
Aging 
Aging treatments were carried out at 1200°, lli-00°, and 1600° F 
for time periods of 1, 10, 100, and. 1000 hours and such other inter-
mediate times as became necessary. The -samples were heated in small 
automatically controlled muffle. furnaces in an air atmosphere. These 
furnaces were at temperature when samples were placed in them and the 
time period of heating was considered started. after the specimens had 
been in the furnace for 1/li- hour. After aging, all samples were air—
cooled. Sufficient stock was aged at each condition for the micro—
structural, X—ray, and mechanical tests.
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0ptical_ZvLi.croscope Studies 
After aging, the individual samples were ground on a cross—
sectional face, polished with No. 1 emery cloth, Nos. 1, 1/0, 2/0, 
and 3/0 emery papers, transferred to a cloth disc, polished using a 
commercial chromium buffing compound, and finished on a Gamal wet 
wheel; they were then electrolytically etched for 5 seconds in 
10 percent chronic acid at 1 ampere per square inch. After study 
under a' microscope, representative photomicrographs were taken of 
each sample at 1000 diameters under slightly oblique illumination. 
Electron—Microscope Studies 
In order to obtain electron micrographs from metallographic 
samples, replicas which will transmit the electron stream must be 
prepared of' the surfaces. For the investigations reported herein, 
Forinvar replicas were prepared according to the technique outlined 
in reference 2. The metallographic surfaces from which these 
replicas were prepared were the same polished and etched surfaces 
photographed optically. The replicas (shadow cast with chromium) 
were then mounted in an RCA Model B electron microscope and photo-
graphs taken at approximately 3000X. Enlargement to 8500x was done 
photographically.
X—Ray Studies 
Sample preparation.— A great deal of' difficulty with variable 
and unreproducible diffraction data was initially encountered. The 
difficulty was found. to be due to both mechanically disturbed metal 
surfaces and unrandom grain orientation. Eventually the development 
of the following technique produced results sufficiently free from 
these difficulties for this Investigation: 
(1) A layer of metal 0.020 inch thick was electrolytically 
removed from the surface of all samples which were used for X—ray 
analysis • The amount of metal which had to be removed in order to 
get below the artificially strained surfaces produced by a cut—off 
wheel, by grinding, or as a result of metallographic polishing was 
determined by X—ray diffract ion patterns of' the type shown by 
figure 2 and made by the apparatus illustrated in figure 3. The 
patterns in figure 2, taken from a surface initially ground, show 
the emergence of the reflections of the individual grains and 
finally resolutiOn of the a1a2 doublet. of the molybdenum K 
radiation with increasing depth of metal removal. The amount of 
surface removal shown in figure 2 as necessary to obtain a strain-
ñ-ee surface was typical for all samples used.
5
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In order to maintain a surface that was flat during the 
electrolytic metal removal, a special cell was designed as shown 
in figure II. . It consisted essentially of a 250—cubic—centimeter 
cylindrical container with a copper plate on the bottom as a cathode. 
This plate was connected to the source of current by a lead through 
a glass-4netal seal. About one—half way up the cell a watch glass 
containing a 5/8—Inch hole was mounted horizontally. The metal 
sample acting as the anode was mounted 1/2 inch above the hole with 
the polished surface facing the hole. This hole acted to distribute 
the current evenly over the 7/8- .inch---sq.uare surface at this distance, 
and thus a plane surface was maintained during metal removal • Water—
cooling was used to prevent pitting associated with electrolyte 
temperatures above 1000 C. 
The most satisfactory electrolyte was experimentally found to be 
a mixture of one—third concentrated hydrochloric acid (37 percent) 
and two—thirds glycerine. This mixture had. the best current 
efficiency, approximately 0.0000625 Inch of metal removed per ampere—
minute at 8 amperes per square inch, without excessive pitting. A 
quantity of 200 cubic centimeters of this solution was su±'Ticient 
for 6 to 10 samples. Pitting occurred when the metal Ion concen-
tration became too high. Phosphoric acid and glycerine combinations 
gave good polished surfaces, but had low current efficiencies. 
Sulfuric acid and glycerine mixtures caused passivation; mixtures of 
chromic acid or hydrofluoric acid with glycerine left the surface 
badly pitted. 
(2) After the gross metal removal of step (1), the surface was 
given a high polish using undiluted Du Pont electropolishing solution 
for 5 minutes at 5 amperes per square inch. Metal removal in this 
step was negligible. The simple cell consisting of a beaker with 
a copper plate in the bottom was used for this step. No water—
cooling was necessary. Of several other electrolytes tried for 
this step, only a mixture of 0 percent phosphoric acid and 60 percent 
glycerine was nearly as satisfactory as the Du Pont solution. 
(3) After surface preparation, diffraction patterns were taken 
with the specimens either rotating or osciflating in the X—ray beam. 
The grain size of the low—carbon N-155 specimens used was too large 
to present an effectively random distribution in the X—ray beam 
when the specimen was stationary. By moving the specimen under the 
beam during the time the diffraction pattern was being taken, a 
number of grains were presented to the beam in an effort to make 
the specimen approximately one of random grain orientation. In the 
case of line intensity measurements on a Norelco spectrometer, a 
specimen holder was designed and built whIch rotated the specimens 
at approximately 17 rps • Care was taken to insure that the plane 
of polish was perpendicular to the axis of spin. In the case of 
line width measurements, the specimens were oscillated ±100 about an 
axis which was normal to the Incoming X—ray beam, but parallel to the
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film. Finally, in making lattice-parameter meaeuremens, the specimens 
were rotated about 2 rps, with the axis of rotation parallel with, but 
offset from, the axis of the X-ray beam. 
Diffraction-line peak-intensity studies.- The studies of 
diffraction-line peak intensity were confined to the (iii) line of 
the austenite matrix, this line being the strongest line and within 
the range of the Norelco spectrometer. Copper Ka 1a.2
 radiation was 
used. Plots of the (in) line obtained with this spectrometer and an 
automatic recorder were measured graphically for peak height. Because 
the basic measurement needed was the line height of a given aged 
sample relative to unaged material, an unaged sample was run alter-
nately with each aged sample. 
Checks of the reproducibility of the (111)-line measurements 
were made by the following procedures: 
(1) The unaged solution-treated sample, used as a standard of 
comparison, was taken twice through the surface preparation step 
with, however, removal of only an additIonal 0.0023 inch of metal 
the second time. After taking the (111)-line height from the first 
surface, the X-ray tube and counter circuits were left on during the 
repolishing. The (111)-line measurements were immediately taken 
from the second surface and found to check within the accuracy of 
the spectrometer. This surface was carefully preserved and used as 
a standard for subsequent measurements on aged samples. 
0	 0 (2) The samples aged at 1200 and 1600 F were alternately 
measured for (111)-line peak intensity against the 'standard and 
repolished for a minimum of two and a maximum of six times. Between 
successive measurements 0.0025 inch of metal was removed. This was 
sufficient depth to bring up a new set of grains, since the average 
grain size of the samples used was approximately 0.001 inch. 
(3) Despite the precautions, some scatter was still found in 
the measurements. In an effort to reduce this scatter all the 
duplicate measurements on the samples aged at 11000 F were carried 
out on the same surface of each sample. These measurements were 
made on this surface with a 1-n,,1lliineter lateral shift in the holder 
between each run so that a new spot on the surface was covered by 
the X-ray beam each time. Two and usually three such measurements 
were made on each sample. 
Diffraction-line width studies.- Line intensity studies on the 
(ill) line of the low-carbon N-155 matrix with the Norelcospectroim-
eter revealed no evidences of line broadening at any stage of the 
aging process. As a further search, for broadening effects, a photo-
graphic back-reflection technique was chosen in order to take advantage 
of the increased resolving power in the back-reflection region. In
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addition, chromium radiation was used to eliminate, in part, 
fluorescence of the sample. Attention was centered on the highest—
order line of the austenite matrix obtainable with the chromium 
radiation, the (220) line (at a diffraction angle, e = 65°) resulting 
from the Kcx.1a2 wave length0 In order to record this line photo-
graphically, the samples were mounted at the center of a 20—centimeter 
circular camera with the irradiated area being oscillated l0° about 
an axis perpendicular to both the incoming X—ray beam and a diameter 
of the camera. Moll microphotometer recordings of the film showing 
the (220) aa2 doublet were then made and the wIdths of the a 1 line, 
determined at half peak intensity, by graphical means. To correct 
for the presence of the a line, the widths were actually measured as 
half widths on the side of the a1 line away from the a2 line, the 
division being a perpendicular through the apparent a 1 peak. While 
more rigorous methods are available to correct for the presence of 
the 02 line, it is felt that the differences between them and the 
method actually used are of second order and that the accuracy of 
the rest of the technique did not warrant such corrections. Care 
was taken to make certain that the density range of the a1—line 
recording lay within the linear—density and log—intensity range of 
the film. The microphotometer data were also corrected to read 
intensity against diffraction angle before broadening measurements 
were male. 
Principally for use in future research, the line—broadening data 
were broken down to give the mean lattice deviation 	 , where d 
represents the interplanar spacings of any given set of planes, 
according to the method proposed by Uaworth (see reference 3). In 
this connection, it should be mentioned that correction for broadening 
due to all sources other than lattice strain was done by the method 
originally put forth by Warren (see reference 1i) using unaged solution-
treated low—carbon N-155 as a standard. It should be noted then that 
the line—broadening results are relative to the imaged material. 
Lattice parameters.— Lattice parameters were measured with a 
Sachs and Weerts type camera using copper Ka 1a2 radiation. The 
samples were mounted with the prepared plane surface perpendicular 
to the incoming X—ray beam and rotated about an axis parallel with 
and slightly to one side of the axis of the X—ray bean. On the 
irradiated surface a light film of a mixture of mineral oil and 
chemically precipitated silver powder was placed. With the 
copper Ka102 radiation used, two lines, among others, were photo- - 
graphically recorded, the (1420) lines of the austenite matrix of 
low—carbon N-155 (at U = 75°) and the (333) linea of the silver 
(at 9 = 78°). From the measured spacing of the silver (333) 
lines and a lattice parameter of 14.O778A for the silver, the camera-
to—film distance was calculated for each exposure. With this
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calculated distance (which averaged approximately 10 cm) and. measure-
ment of the low—carbon N—l55 ( l1.20)—line spacing, the lattice parameter 
for each of the various aged samples of solution—treated low—
carbon N-155 was calculated. The absolute accuracy of these calculated 
parameters was not established, but the relative error was estimated 
to be ±O.0005A.
Ha±dness Surveys 
Hardness surveys were made on the various samples with a Brinell 
machine using a 10-millimeter ball and a 3000—kilogram load. Two 
impressions were made on each sample, on planes which were originally 
transverse planes of the bar stock. Two perpendicular diameters of 
each impression were measured, and the resulting four readings were 
averaged and converted to the Brinell hardness number. 
Creep Measurements 
• For the measurement of creep, 0.250—inch--diameter specimens were 
prepared with the axis of each specimen corresponding to the original 
axis of the bar stock. For the majority of tests the gage section 
was l inches long terminated at each end with a 1/8—inch radius to 
the shoulder which in turn was 1/2 inch in diameter. Through the 
shoulders, 0,100—inch--diameter holes were diametrically drilled In 
which Chromel pins were driven. A modified Martens extensometer was 
attached to these pins for measurement of the extension under load. 
The least reading of this extensometer and associated telescope and 
scale was l0 5 inch. 
For an additional check against the accuracy of extension measure-
ments obtained in this manner, duplicate tests were run at the 
60,000—psi stress level on samples aged at 111.000 F and a different 
extensometer system was used. Here the samples had a gage length, of 
l .
 inches terminated at each end with a 1/Il—inch radius to a 3/8—inch-
diameter shoulder threaded its entire length. Collars were then 
threaded onto these shoulders, down to the l/ 14—inch radii, and locked 
in place with setscrews. The extensometer system, in turn, was 
suspended from these collars with the use of pins mounted in the 
collars. Temperatures were controlled to ±.5 F throughout the tests 
and the temperature differences along the gage length held to ±3° F. 
The furnaces used were electrical—resistance type split along a 
transverse section at the center for ease of control of the uniformity 
of the gage—length temperature. Load was applied to the specimen 
through a beam system with a mechanical advantage of 23.
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In all tests the furnace was brought to the proper operating 
temperature before placing the specimen in it. The specimen was 
allowed to come to thermal equilibrium for an average period of 
i .
 hours during which time minor controller and temperature—
uniformity adjustments were also made, At the expiration of the 
average period.of l hours, the specimen was loaded. It was felt 
that in this way modification of the known initial structure of the 
specimens in the creep testing equipment prior to loading was held 
to a ainirnuin, Thus the short—time creep characteristics found, it 
is felt, truly represent the creep characteristics of the known 
initial structures without appreciable modification by time at the 
test temperature, 
Two stresses were used in creep testing, 30,000 and 60,ôoo psi, 
and one temperature, 1200° F. The 30,000—psi stress was approximately 
the highest possible without excessive plastic deformation upon 
loading. The higher stress was used to determine how the stress level 
affected the conclusions concerning the effects of aging on creep 
resistance at 30,000 psi. 
The creep tests were run for an average of 50 hours provided 
fracture had not occurred. These tests were restricted to 50 hours 
in order to obtain creep properties as characteristic as possible of 
the known initial structures and not the properties of the known 
initial structure plus modifications induced by time at the test 
temperature. At the end of 50 hours all the tests covered herein 
had reached the so—called second stage of creep, with a reasonably 
steady creep rate, or had fractured. The creep rates reported are 
either these second—stage rates at 50 hours or the minimum rates 
occurring before fractures. It is obvious then that complete 
evaluation of decreasing secondary rates was not carried out, 
Rupture Testing 
Rupture testing was. carried out in three units. The tests 
under stresses above 60,000 pi were run in a hydraulic tensile 
machine equipped with a transversely split electric—resistance 
furnace. The load was held constant during the test to within 
±1 percent with the rate of initial loading of the specimens 
approximately 50,000 psi per minute and comparable with the rate 
of loading of the more conventional rupture tests. Temperature 
control and uniformity over the gage length were the same as for 
the creep tests. Specimens Tor these tests were obtained by 
longitudinal quartering of the original 7/8—inch—square bar stock 
and using only those corners of the original bar which were 
iniformly fine grained. Gage lengths 1 inches long by 0.250 inch
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in diameter, terminated at the ends in 1/1_inch radii to 3/8-inch 
threads, were machined, in these quarter sections. 
Tests at 60,000 psi were simply the creep tests carried to 
rupture. Tests at stresses less than 60,000 psi were run in conven-
tional beam-loaded rupture units with one-piece electric furnaces and 
with temperature control and uniformity comparable with those of the 
other rupture and creep tests. Specimen form was the same as that 
used. for the rupture tests in the hydraulic tensile machine. 
RESULTS
Metallographic Examination 
Figures 5 to 9 show th luicrographe taken of the aged samples 
and. the following description summarizes the results: 
(1) Aging at 1200°F resulted in little but the progressive 
development of a distinct grain boundary constituent which resisted 
etching. At aging periods up to .
 10 hours, the boundary constituent 
was incomplete in that it did not surround aU the individual grains. 
At aging periods of 1000 hours, the boundary constituents completely 
surrounded the grains and. had. become an approximately 0. 5-anlcron---wide 
band. After aging 1000 hours slight precipitation was observable 
in the matrix near the grain boundaries. At 10,000 diameters, this 
precipitate did not appear to be a distinct phase with an interface 
but was surrounded by a concentration gradient as revealed by a 
sloping surface from the center of the precipitate particles to the 
matrix proper as a result of etching. As postulated by Nabarro 
(see reference 5) this could. indicate that appreciable strains 
would exist around. each 8uch particle because of the probable differ-
ence in equilibrium lattice spacing between matrix and precipitate. 
(2)Aging at 11.00° F resulted first in the progressive develop-
ment of a grain boundary phase. Initially only a concentration 
gradient was present at the boundary, as revealed. by a sloping 
surface toward. the grain boundary after etching. At 10 hours the 
first separate boundary-phase particles appeared.. At 100 hours the 
boundary band. was approximately 0.8 micron wide and. changed. little 
in character with further aging. In addition to the grain-boundary 
reaction, general matrix precipitation appeared. after aging about 
10 hours, first along the grain boundaries, and. increased rapidly 
in number and size up to the longest aging period used, 1000 hours. 
The particles at first had. concentration gradients surrounding 
them; however, for aging times of approximately over bc .
 hours, no 
appreciable concentration gradient appeared around the precipitate 
particles but rather a definite interface was present. Average 
size of the particles at 1000 hours was estimated visually to be 0.2
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by O.2niicron in the plane of polish and the particles were estimated 
to.be spaced an average of 1 imicron apart. 
(3) Aging at 1600° F resulted in almost the same type of 
reactions as at 1140Oo
 F with the exception that they were accelerated. 
The boundary phase, for example, appeared' aft ,er aging for 1 hour. 
The precipitate size at the end of 1000-hour aging was estimated to 
average 0.7 by 0.7 micron in the plane of polish and the particles 
were estimated to be spaced an average of 14. microns apart. Definite 
interfaces were present for each precipitate particle after aging 
times as short as 10 hours.
X-Ray Studies 
Line intensity studies.- Figure 10 and table 1 show the results 
of line intensity studies on the 10-hour solution-treated material 
when aged at 1200°, 114-00°, and 16000 F. Dehlinger (reference 6) and 
subsequent authors have considered the effects that short- and long-
period lattice distortions have on diffraction lines. In essence the 
conclusions are that short-period disturbances (iO- 8 to 10-6 cm) 
result in reduction of 1inepeak intensities without appreciable 
broadening and that long-period disturbances (10-5 to 10 4 cm) cause 
line broadening with, however, the integrated intensity remaining 
constant. Accordingly, the results of line peak-intensity studies 
shown in table 1 could be interpreted, in the absence of line-
broadening data, as either short-period disturbances or long-period 
disturbances. If the latter were present, however, broadening should 
be the predominant effect. 
The two minimums for the material aged at 1200° F in figure 10 
lead to the possibility that two searate processes were 'observed 
at 1200° F. Aging at 114-00° or 1600 F apparently resulted in only 
one process occurring at each temperature which decreased line peak 
intensity. 
It will be noted that the scatter for the measurements on material 
aged at 114.00° F was approximately the same as for the measurements on 
material aged at 1200° or 1600° F. Considering the two methods of 
measurement that were used, it is felt that the scatter was still due 
to unrandoni grain distribution despite rotation of the samples. Before 
quantitative calcu1atons can be made with such line intensity measure-
ments, additional methods for alleviating unrandom grain distribution 
will have to be developed. Only qualitative conclusions are thus drawn 
from the intensity data iii this report. 
Matrix lattice-parameter measurements .- The measurement of lattice 
parameter as a function of aging time at a particular temperature can 
give direct evidence of whether the precipitate particles are still
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being nucleated, are growing by matrix depletion of the -precipitate 
constituent atoms, or are growing by agglomeration. This usefulness 
of the parameter measurements is predicated upon the possibility of 
the average radii of the atoms making up the precipitate being some--
what larger or sinl 1 er than the average radii of th matrix atoms. 
if such is the case, then precipitation by matrix depletion will 
result in a measurable decrease or increase in the lattice parameter. 
-iVucleation can be ascertained if the lattice parameter remains constant. 
for a period of time at a given temperature and. then increases or 
decreases. Precipitate growth by agglomeration in turn can be noted 
when the parameter has reached a steady—state value after increasing 
or decreasing from the initial value and. yet the precipitate particles 
continue to grow as evidenced by metallographic examination. 
The results of parameter measurements on the solution—treated 
and aged low—carbon 11-155 are shown in figure U. In no case was 
the aging time sufficient to complete the preipitation reaction by 
matrix'depletion, because the lattice parameters did not reach a 
steady—state value. For this reason, the relationship between the 
precipitate and matrix compositions and the temperature of aging was 
not definitely determined. It appears, however, that the precipitates 
obtained by aging at 111.00° aM 16000 F could have been slightly 
different in composition, since the curves for the matrix parameter 
approached steady—state values which were probably not quite the same. 
At the end of 1000 hours, aging at 12000 F had resulted in so little 
change In lattice parameter that the only conclusion was that the 
major volume fraction of the material was never out of the nuc1etion 
stage. In addition a long nucleation period was shown by the lack of 
marked parameter change for aging up to approximately 100 hours 
at 114.000 F followed by precipitate growth through matrix depletion. 
Only matrix depletion was found. when aging was done at 1600° F. 
Line width measurements.— Since Deblinger (reference 6) had 
postulated that long—period lattice distortion (of the type which 
could be associated with each of the sm11 precipitated particles 
revealed by the metallographic examination of samples after prolonged 
aging) would result in line broadening, It was decided to measure the 
line—broadening effects. Table 2 shows the results of width measure-
ments, expressed as ratios between any given aged sample and unaged 
material, of the -(ill) line at 0 = 22°. These were obtained from 
the Norelco spectrometer plots. The little effect noted was due to 
lack of resolving power. Table 3 shows the line widths B, expressed 
in radians, obtained from photometer plots of film recordings of the 
(220) line at 0 = 65°. The increased resolution In the back—
reflection region revealed that appreciable broadening .
 ppeared only 
after long—time aging at 111.00° F and that a smaller degree of broadening 
occurred rather quickly when aging was done at 1600° F. Table 3 also 
sirmmRvizes the calculations involved in converting the line broad.nesses 
to root-4nean—equare strains by the method of Uaworth (see reference 3).
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Figure 12 shows the results of such calculations. The results of 
course are q.ualitatively similar to the line widths recorded in 
table 3. 
One further point is of importance here, The fact that the 
lattice parameter decreased with aging time makes it possible for 
a parameter distribution to be present as a result of concentration 
'adients being set up. Broadening of the diffraction lines will 
arise from this type of parameter distribution. Broadening could 
also arise from the elastic strains surrounding the precipitate 
particles, such elastic strains being due to a difference in 'atomic 
spacings in the two lattices. Thus the broadening data presented 
here can be ascribed to two sources and unfortunately enough data 
are not at present on hand to separate the two effects. 
Hardness }asurexnente 
The hardness survey was made to provide data for determining 
what internal condition gives high hardness. Figure 13 shows the 
results obtained on the solution—treated stock aged at 1200°, 11l000, 
and 16000 F. From figure 13, it can be seen that conventional aging 
behavior was apparently followed; that is, the higher the aging 
temperature, the sooner the approach to a maximum hardness - the 
maximum hardness, however, increasing in value with decreasing aging 
temperature. This was certainly true for aging at 1)4.00° 'and 1600° F 
and probably true for aging at 1200° F. 
Creep Properties 
The purpose of the creep and rupLure testing carried out on 
solution—treated and aged low—carbon N-155 alloy was to measure the 
mechanical behavior of samples used in the physical measurements 
discussed previously. Figures 114. and 15 and table 11. show the results 
of creep testing. 
At the stress level of 30,000 psi (fig. lii.), 'aging at 1600° F 
resulted in a rather uniform increase in the secondary creep rate. 
Aging at 111.000 F for time periods up to approximately 10 hours resulted 
in little change in creep rate over the unaged material. For aging 
time periods over 10 hours the creep rate increased rather rapidly 
to approach that for' the material aged at 1600° F. From the two tests 
run. after aging 100 and 1000 hours at 12000 F (100 hr being somewhat 
longer than the total period of creep testing) it appeared that aging' 
at 12000 F had little effect on creep rate up to the longer aging 
period considered, 1000 hours, and then served only to reduce the creep 
resistance slightly.
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Some ambiguity was present in determining the creep rate and aging 
relationship for aging at ]AOO° F. However, in view of the magnitude 
of experimental errors involved, it is felt that the curve shown is a 
reasonable compromise. 'In any event the trend that long-time aging 
at 114.000 or 16000 F tends to reduce markedly the creep resistance was 
clearly shown. 
At the stress level of 60,000 psi the effect of aging at either 
lIi
.00° or 1600° P seemed qualitatively the same as at 30,000 psi except 
for the lower relative creep strength of the un.aged material and the• 
specimens aged 1 hour at 114.00° F. It will be further noted that the 
results at 60,000 psi with the two types of extensometer agreed only 
within an average factor of 1.5. Previous experience with creep 
testing leads to the conclusion that creep rates are generally repro-
ducible only within a factor of about the sanie magnitude. 
Rupture Characteristics 
Figures 16, 11, and 18. and table 5 show the results of the rupture 
testing on material aged at 114.00° F. When aging was carried out at 
114.00° F, a gradual approach to a flat maximinn in very short-time 
rupture strength occurred with increased aging time. Subject to 
additional investigation, for rupture times up to 10 hours, it appeared 
that no appreciable alteration of the initial structure occurred by 
virtue of reactions at the test temperature, and. that the preceding 
result was thus due to the initial structure of the material. With 
increased time for rupture (greater than 10 hi'), the main alteration 
in the relationship of rupture time and aging time appeared to be the 
marked improvement of the unaged and short-time-aged material in 
comparison with the long-time-aged material. (See fig. 16.) This 
improvement most probably was due to reactions occurring in the material 
during testing and. will be considered under DISCTJSSI01 OF RESULTS. 
Inspection of figure 17 also shows that the aging periods at 114000
 F 
for maximum short-time rupture strength were associated with the highest 
values of deformation prior to fracture. The initial deformation which 
occurred upon loading also increased slightly with increased aging time. 
Some alteration of these deformation characteristics was evident with 
increasing test time, because the curves of figure 17 in general slope 
downward. Again the experimental error involved in determining rupture 
times and deformation obscured to a certain extent the exact shape of 
the curves in figures 16 and 17. However, trends were clearly estab.-
lished. From figure 18, it is evident that, upon aging, the mode of 
failure changed from being primarily intergranular to being both 
intergranular and trans granular. 
Figures 19, 20, and 21 and. table 5 show the results of rupture 
testing on material aged at 1600° F. At this temperature a very broad 
maximum in the short-time rupture strength occurred with aging times 
longer than 0.5 hour (see fig. 19). A very slight maximum possibly
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occurred at the i—hour age. Again the pro'esslve improvement of 
unaged stock was evident with Increasing rupture time. Figure 20 shows 
that rnaxiinuni deformation values (i.e., the elongation at the fracture) 
for material aged at 16000 F followed the same pattern as for material 
aged at 111.00° F, with, however, shorter aging times required for an 
equivalent effect (compare curve for . —hour aging, fig. 20, with 
curve for 1—hour aging, fig. 16). Figure 21 shows that in no case 
were the predominately intergranular failures, found in the spec linens 
aged a short time at 111.00 0
 F, observed in spec linens aged at 1600° F 
even for as short. a time as 0.5 hour. 
DISCUSSION OF RESTJLTS 
Effect of Aging on the Crystalline Structure 
Upon comparing the line—broadening, line peak—intensity, lattice—
parameter, hardness, and metal1oaphic data, it can be seen that: 
(1) Relatively low (111)-line intensity values resulting from the 
aging of solution-treated low-carbon N-155 at l00° F for time periods 
between approximately 0 and 30 hours were not accompanied by broadening 
of either the (in) or (220) line. It can thus be concluded that the 
distortion causing the drop in peak intensity was of a short—period 
nature. When cognizance is taken of the fact that the lattice—parameter 
data indicated that pronounced rejection of either interstitial or 
large—radius substitutional atoms did not take place until after 
10 hours or so of aging, it can be postulated that only nucleation 
took place during the first 10 to 30 hours at 111.00° F and that this 
nucleation process produced short—period strains. These time periods 
will not, 'in general, be exact since each process tends to overlap 
the next process to occur. The nuclei must be rather small since 
larger nuclei-would have a rather large spacing and any strains 
associated would be long—period ones. Longer aging resulted in line—
broadening strains and, since this was associated with appreciable 
lattice contraction due to rejection of either interstitial, or large—
radius substitutional atoms, these strains were most probably associ-
ated 'with the actual precipitate particles. The nietallographic data 
appear to bear these conclusions out since exain.ination at inagnif i-
cations up to lO,000X revealed no evidence of precipitate particles 
until aging time periods at 111.00° F were longer than 10 to 30 hours. 
(2) Relatively low (111)—line intensities during aging at 1600° F 
for time periods up, to 100 hours or so were associated with line 
broadening. This Indicated long—period strains. Further, the 
parameter measurements indicated an immediate lattice contraction by 
rejection of the precipitant atoms. Since, however, the metallographIc
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data did. not Indicate that visible precipitate particles appeared much 
before 100 hours at 16000 F had. elasped, these long-period strains were 
associated with large precipitant -nuclei with large spacing. The 
spacing of the stable nuclei was certainly larger when aging was 
carried on at 1600° F than when aging was done at 1400° F as evidenced 
by the relative spacing of the precipitate particles which finally 
appeared at the two temperatures. That the stable nuclei were probably 
larger at 1600° F than at 1400° F is in agreement with Mehi and Jetter's 
suTnTnries in regard to precipitation from solid solution (see refer-
ence 7).
(3) The data for aging at 1200° F were only fragmentary but in 
view, of the very long period (approx. 1000 hr) during which no 
appreciable lattice contraction occurred and very little visible 
pretipitate appeared, one can conclude that only short-period 
nucleation occurred during the aging time studied. The changes in 
(111)-line intensity were then associated with the short-period strains 
of nucleation. The two separate inininiuxns found could possibly be 
associated with, first, the inatri material in contact with the 
boundary and, second, the interior matrix nucleation. 
The hardness data appeared to correlate quite generally with 
line broadening - the greater the degree of line broadening, the 
greater the hardness. Hardness, then, asfar as the alloy studied 
is concerned, was associated with long-period strains. In other 
words the long-period strains, associated with the precipitate 
particles formed after the nucleation period, increased deformation 
resistance under the conditions pf large localized deformation 
present during a hardness test. 	 - 
Factors Controfling Creep Strength 
Comparison of the creep rates at 30,000 psi for materials aged 
at either 1200°, 1400°, or 1600° F (see fig. i4) with the results of 
the structure measurements showed that the loss of initial creep 
strength at this stress level was most clearly associated with matrix 
depletion of the relatively large-radius or the interstitial precipi-
tant atoms. This was also associated with: 
(1) Removal of the short-period nucleation strains in the case 
of material aged at 111-00° F. 
(2) Development of visible precipitate and the continuous, 
relatively wide, grain boundary phase. These precipitant particles 
and the grain boundary phase were initially surround.ed by concentration 
gradients which became progressively less steep with increased aging 
time (and/or increased aging temperature). (See figs. 5 to 9.)
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(3) Broadening of the (220) line and hardening in the case of 
matérial aged at 111.00° and. 1600° F • The' point is not known for aging 
at 12000
 F since it was not possible to obtain either appreciable 
hardening or broadening at this temperature because of the excessive 
aging time required to reach high harthiesses. 
Conversely, then, for materials aged at 1200 0 , 111.000 , or 16000 F, 
retention of creep strength was associated with: 
(1) As-solution-treated material or aged material still in the 
ehort,-period. nucleation state. 
(2) Relatively little or no visible general matrix precipitation 
and. incomplete boundary reaction in the case of material aged at 1200° 
and 11.00° F. In all cases pertaining to material aged. at 114.00° F 
precipitate particles and. the boundary phase, if present at all, had. 
concentration gradients surrounding them .after the aging periods 
associated. with high creep resistance. 
• (3) Low hardness and. the unbroad.ened. (220) dIffraction line in 
the case of imaged. material or material aged. at 11.00° and. 1200° F. 
It would seem then that, as far as creep resistance at 12000 F 
and. at the 30,000-psi stress level was concerned, the removal of 
either the precipitant atoms from random solid solution or small 
nuclei made up of them by subsequent precipitate growth led to a 
progressive lowering of the creep resistance. Further, the probable 
long-period strains associated with line broadening and relatively 
high h.rdness resulting from large nuclei or precipitate particles 
did not control the creep strength. Rather, the continued removal 
of the atoms required. to make up the precipitate, which in turn 
caused. the long-period internal strain, resulted in still lower creep 
strength. It was the strain associated with the individual precipi-
tantatoms, while still inrandoni solid solution or in small nuclei, 
which controlled the creep strength at 1200° F , and a stress of 
30,000 psi. 
From figure 15' it can be seen that when considering creep 
resistance at 60,000 psi and 1200° F the effect of long-time aging 
was qualitatively the same as at 30,000 psi, but that the material 
unaged. and short-time aged at 111.00° F had relatively less creep 
resistance than the seine material at 30,000 psi. It thus appeared 
that, while long-time aging and concomitant matrix depletion of the 
precipitant atoms resulted in lowering of the creep strength, there 
was an bptimum state of precipitation or nucleation and correponc1ing 
internal strain for an optimum creep resistance. however, an 
additional factor applied here. The relatively high stress of 
60,000 pal resulted. in fracture of all the creep specimens within a 
maximum of 32 hours. Figure 18 shows that the material imaged. or 
short-time aged. at 114.00° F failed. with general intergranular cracking
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This formation of cracks resulted undoubtedly in greater creep rates 
than would be established with the same material with greater boundary 
strength. Hence, it was felt that the general effects of matrix 
depletion of the precipitant atoms observed at a lower stress level 
still apply but that the unaged and short-time-aged material has its 
creep resistance lowered, relatively speaking, at higher stresses by 
virtue of a weak grain boundary area. 
-	 The fact that the line.-broadening strains, most probably associ-
ated with the Individual precipitate particles, or large nuclei, which 
resulted in high hardness, did not have any effect on increasing creep 
resistance is quite surprising at first thought. However, since the 
short-period strains surrounding the individual precipitant atoms when 
in random or nearly random solid solution do give high creep resist--
ance, it appears that the answer, as far as the alloy considered here 
is concerned, lies in the periodicity and size of the two types of 
strained regions. The atoms most likely to be the source of the short-
period strains, in the solution-treated material, are tungsten, 
molybdenum, colunibium, carbon, and. nitrogen. The total atomic fraction 
of these atoms is 0.0142, or one atom in 211. (See table 6.) In the 
absence of further data this can be interpreted to mean that one atom 
in 211 is the center of a strained region, the period of such strains 
being of the order of 6 x l0 centimeter. Since interatomic forces 
of solids in general extend over only a few atoms (see reference 8), 
the size of the strained regions might be assumed to be of the order 
of 1 x lO centimeter. This leaves a mean strain-free-path of the 
order of 5 x l0 centimeter in the solution-treated material. In 
the aged material it seems plausible to assign the periodic ity of the 
precipitate particles as the periodic ity of the line-broadening 
strains. This spacing was of the order of lO centimeter in the 
hèrdest sample prepared, that is, material aged 1000 hours at 1100° F. 
It appears, unfortunately, that at present it is impossible to 
estimate closely the actual size, at any given aging time, of the 
strained areas associated with each of the precipitant particles or 
the average size of the precipitant-atom-free-paths. This is because 
enough is not yet Imown to separate the line broadening due to elastic 
strains from the line broadening due to concentration gradients in the 
matrix. However, it can be said that the mean precipitant-atom-free-
path approached l0 centimeter as diffusion and precipitation 
approached completion. Thin path was more than two orders of magnitude 
greater than the original mean precipitant-atom-free-path. 
The net result of aging, then, in solution-treated low-carbon 
N-l55 alloy, was probably to replace a relatively short-period smafl-
strain system containing a short mean strain-free-path (5 x 10 cm) 
with another larger-strain system of longer period and much longer 
mean strain-free-path (approaching lO cm). Since creep as here
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consIdered is essentially a small-strain phenomenon, the few slip 
systems In operation had a considerably larger probability of running 
into a strained area per unit shear strain in unaged material than in 
aged. material with any appreciable amount of precipitate, despite the 
large average strains in the latter system. This means lower creep 
resistance in the aged material. ardness as commonly measured, 
however, is a large-strain phenomenon. The whole volume of the 
matrix is in a hardness test eventually filled with the many slip 
systems formed. The relatively i.arge strains associated with the 
actual precipitate particles act very effectively to hinder the slip 
systems which eventually must form and try to pass through the large-
strain areas during a hardness test. Thus, aged low-carbon N-l55 is 
harder than unaged stock. A Rm'11-etrain hardness test would probably 
give a much more accurate indication of the relative creep resistance 
of aged alloys of the low-carbon N-155 type. 
Tungsten, molybdenum, and columbium can be considered sources of 
these short-period lattice strains since they are uniformly atoms of 
larger radii thanthose of the matrix and aging In solution-treated 
low-carbon N-l55 resulted in a decrease In lattice parameter, pre-
sumably by rejection from solution of these large-radius atoms. The 
matrix is assumed to be composed of iron, cobalt, nickel, and chromium, 
all atoms with approximately the seine atomic radius (2.511). (See 
table 6.) Carbon and nitrogen present interstitially also act to 
expand the lattice and their removal through precipitation would make 
the lattice contract. Thus these atoms must be considered along with 
tungsten, molybdenum, and columbium as sources of short-period strains 
while in random solid solution. The fact that solute atoms of 
considerably sm,tTIler or larger radIus than those of the solvent 
introduce strain into the system when in solid solution Is well - 
eetabl1hed. generally, as witness the Huine-Rothery rules for solid-
solution limitation (reference 9). To quote another sour'ce, Sir 
Laurence Bragg, "Most engineering alloys of importance are the ones 
deriving their strength, at least in part, from the modulation of the 
lattice due to the presence of foreii atoms of different size,' 
Further inspection of table 6 shows' manganese and silicon to be atoms 
of gnt1 ] er radius than the average radius for N-155; and these also 
pould be sources of short-period strains. Manganese and silicon are 
probably in the lattice substitutionally and would tend to make its 
parameter smaller than normal and. 'to make It increase with aging 
time if they were precipitating out. Preliminary chemical investi-
gat ions indicated that only a phase or phases containing at most 
carbon, nitrogen, molybdenum, tungsten, columblum, chromium, and iron 
were precipitating.' Kence it is believed that manganese and silicon 
play no part In the aging process, merely remaining In solution in the' 
- lattice throughout the aging process • It appears from this same 
preliminary chemical data that the carbon and nitrogen were partly 
in the form of an inert carbonitride of columbium in the solution-
treated material. The fraction thus present was unknown but even by 
1-Lecture given at the University of Michigan, Fall 1914.8.
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disregarding entirely the carbon, nitrogen, and colunibiuni content 
(which is most probably not correct) the conclusions as to the period 
of the strains involved, are still warranted. 
It appears that a logical way to increase the creep strength of 
low-carbon N-155 would be to add elements with either larger atomic 
radius than molybdenum, colunibium, and tungsten or smaller atomic 
radius than carbon and nitrogen. Those suggested in table 7 are of 
the former type. Only boron, among elements of small atomic radius, 
appears promising at the moment. The usefulness of borop. seems to be 
substantiated by the high creep strength of boron modifications of 
low-carbon N-155 recently investigated by the Union Carbide and. Carbon 
Research Laboratories, Inc. 
Table 8 lists elements which have atomic radii similar to 
molybdenum; tungsten, and columbium and which might be expected to act 
as substitutes. The elements suggested. in these tables are not the 
only metallic elements with the desired atomic size but are thought 
to be the most promising. With the exception of aluminum and silver, 
all the proposed additions or substitutions are transition elements. 
Some evidence (see reference 10) is available which indicates that 
such transition elements have abnormally high binding energies. 
Aluminum and silver are considered. only on the basis of having the 
desired apparent atomic size. 
It is of course desirable that the materials suggested in 
tables 7 and 8 go readily into solution at some relatively high 
(solution-treating) temperature, and either stay in solution (or the 
nucleated state) or precipitate very slowly at the lower temperatures 
of service. It Is possible that any or all of the proposed elements 
may show an increased tendency to come out of supersaturated solid 
solution and. thus cause rapid loss of creep strength or show a wrong 
or poorer type of solubility-temperature characteristic. Other 
metallurgical characteristics (i.e., ductility) must necessarily be 
satisfied. before such modifications could be considered. satisfactory. 
Factors Controlling Rupture Strength and Ductility 
Inspection of figures 16 and 19 shows in general that aging at 
either 11I000 or 16000 F resulted in a progressive increase in very 
short-time rupture strength. For a given increase in rupture strength, 
less aging time was required at 1600° F than at i4-OO° F. For some-
what longer rupture times, the relative increase in the rupture 
strength of the unaged material was quite striking. In fact, the 
solution-treated. stock rapidly became equal in strength to the aged 
material at the increased rupture times. Previous experience has 
indicated. that the rupture strength of the unaged material will 
actually exceed the rupture strength of the aged material when 
considering longer rupture times than were used. in this investigation.
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Further, the maximum rupture times at each stress in figures 16 and 19 
were approximately the same for aging at either 114.000 or 16000 F. 
Examination of the other physical measurements shows that this general 
increase in very shoi-t-time rupture strength with increasing aging 
time was associated. with: 
(1) In the case of material aged at 114O00 F, passage through the 
nucleation stage prior to precipitation as revealed by the line inten-
sity studies, 
(2) Removal of relatively large- or small—radius atoms through 
precipitate growth after nucleation as revealed by lattice—parameter 
measurements. 
(3) Progressive formation of a rather wide, continuous band of a 
separate grain boundary phase and. with the formation of the visible 
precipitate particles as revealed by micrographic examination. 
(Ii.) Hardening of the material through formation of strains which 
resulted in diffraction—line broadening in the case of aging at 114-00° F 
and initial hardening and. then progressive softening in the case of 
aging at 1600° F. 
(5) Increased ductility 9f the specimens. One way to consider 
this effect is to express the maximum true axial strain at fracture 
based upon the initial and final cross—sectional areas at the fracture 
and the assumption of constancy of volume. Figures 17 and 20 present 
the results of these calculations. The effect of the decrease in 
cross—sectional area at the fracture with aging time was to increase 
the true stress during the duration of the test. In general, then, 
the rupture tests considered were not constant—stress tests, but 
rather tests with true stress increasing with time along some quanti-
tatively unknown path in a time—stress coordinate system. It is known 
from the time—elongation curves for the tests at 60,000 pal that 
reduction of area was gradual and thus the true stress increased 
rather gradually throughout the test, the final value of course being 
greater for smaller final cross—sectional area. Inspection of the 
geometry of ruptured specimens showed that the cross section was 
reduced gradually along the axis toward the fracture. From ths,it 
can be concluded that the degree of triaxiality of the stress system 
at the fracture was low, as considered in the calculations of Brldgeman 
(see reference 11). Hence, the stress system can at least be 
considered. uriiaxial for the rupture tests covered herein. Lastly, 
fires 17 and 20 also show that the maximum true strain at fracture, 
or ductility, for any given class of specimen, decreased.with 
increasing rupture time. 
At the onset, the fact that ordinary rupture tests are not 
constant—stress tests. makes outright analysis of the factors controlling 
rupture strength difficult. However, three factors stand out quite 
clearly:
NACA TN 1911.0	 23 
First, figures 18 and 21 show that the relative initial weakri.ees 
of the unaged. materials was associated with weak ain boundary areas 
and consequent inte±anular crack formation, especially on grain 
boundaries normal to the stress axis. Further inspection (see figs. 18 
and 21) shows that this tendency for intergranular cracking was progres-
sively removed with either increased aging time at 11.00° or 1600° F 
prior to testing, or with decreased stress on the unaged material and 
thus increased time at the test temperature of 1200° F. This apparently 
was due to the formation of the grain boundary phase either prior to or 
during testing (see figs. 6 to 9). Thus unaged material became stronger, 
relatively speaking, with increased rupture time and the aged material 
also became relatively stronger with increased prior aging time - more 
slowly, however, with prior aging time at i li.00° F than for 1600° F 
aging since the boundary phase was formed more slowly at 114.00° F • It 
is. then quite interesting to conclude that the matrix— and boundary—
phase binding was stronger than at least certain oriented matrix—
matrix bindings. 
Second, inspection of figures 16 and 19 shows that, once a 
definite almost continuous boundary phase was formed, the rupture 
strengths were roughly independent of aging temperature or aging time. 
This indicated that the initiation and propagation of the predominantly 
transgranular cracks were independent of the differences in structure 
arising from differences in aging at 111.000 or 1600° F. Aside from 
minor mxinium or minimums, which are probably just inside or outside 
the experimental errors involved in determining the rupture times, 
the differences in lattice depletion of the large—radius atoms, and 
the differences in magnitude and time of occurrence of maximum 
hardening in specimens aged at different temperatures, had little 
effect. This conclusion isbased, however, in part upon the fact 
that the degree of elongation and. cross—sectional area reduction, once 
the grain boundary phase was formed, was approximately the same for 
samples having the same rupture time as the result of aging at 111.00° 
or 1600° F. Thus the degree of deformation was also constant and did 
not affect to a first approximation the fracturing characteristics 
of the two classes of aged materials differently. It is well known., 
however, that, within limits, deformation in itself generally raises 
the resistance to rupture (see reference 12). Since this strain 
strengthening occurs in connection with increase in the true stress, 
evaluation of either of these two opposite effects is difficult 
along with evaluation of such things as the effect of progressive 
lattice depletion in general on resistance to crack propagation. 
Thus no further conclusions in regard to possible masked general 
structure factors arising with long—time aging at 11.00° or 1600° F 
are drawn at this time. 
Third, the plastic strain, before rupture failure occurred, 
increased markedly with long aging times at either 111.00° or 16000 p• 
This of course is a direct result of the fact that the creep resistance 
decreased markedly with long aging times at either aging temperature
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and that the reBistance to crack propagation on the. other hand is at a 
inaxirnuiu. Figures 17 and 20 also show, however, that the plastic strain 
before fracture decreased with increasing time for rupture. No obvious 
reason for this presented itself during the investigation covered 
herein.
Limitations of Results 
This report is limited to the presentation of a method of 
determining the fundamental mechanisms by which processing, heat 
treatment, and chemical composition control the properties of alloys 
at high temperatures. A relatively limited, amount of data for 
solution-treated and aged low-carbon N-155 alloy has been obtained 
and interpreted in terms of the proposed method. The resulting 
theories require ectension and improvement from similar investigations. 
on many alloys, as well as from more test conditions on low-carbon 
N-155 alloy. . It is believed, however, that the approach to the 
problem is reasonably sound and that the limiting factors to a general 
theory of the metallurgical factors controlling high-temperature 
strength of alloys are the large volume of testing required and 
development of suitable experimental techniques. 
In regard to low-carbon N-l55 alloy, there are obviously numerous 
important aspects of the problem which have not been adequately covered 
by this report. Of primary importance is the fact that the structural 
measurements have not been correlated with long-time creep and rupture 
strengths at 12000 F or with any time period at other temperatures., 
Certain refinements in X-ray techniques seem desirable. Information 
is also needed regarding the effect of time and. deformation during 
testing to assess the reliability of the assumption that such changes 
had little effect on known initial structure. And, finally, it would 
be especially desirable to know the exact composition of the precipi-
tating phases. The amount of time required for development of suitable 
techniques and. the volume of experimental work have been the limiting 
factors to date.
C ONCLTJSIONS 
An experimental procedure is described which is believed suitable 
for establishing the fundamental mechanisms by which processing, heat 
treatment, and chemical composition control the properties of alloys at 
high temperatures. This method relates inicrostructures and X-ray 
diffraction characteristics; after various prior treatments, to creep 
and rupture test properties. 
Application of this method to solution-treated and aged low-carbon 
N-155 alloy and correlation with the short-time creep and rupture..
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characteristics at 1200° F indicated the following possible fundamental 
explanations for the effect of aging on the 12000 F properties. 
1. Aging of solution—treated low—carbon N-155 resulted in 
progressive lowering of the initial (short—time) creep resistance 
through the removal from solid solution of large—radius or interstitial 
atoms by precipitation. No optimum precipitate dispersion or state 
occurred fbr optimum creep resistance; rather the alloy can be considered 
as obtaining its optimum creep strength through "modulation" of the 
lattice with the large or iii1 1 precipitate atoms when they are in the 
random, or at most nucleated, distribution of the solution—treated state. 
2. Short—time aging of solution—treated low—carbon N-155 apparently 
resulted in a marked increase in short—time rupture strengths over that 
for unaged material through the growth of a grain boundary phase, this 
phase acting to strengthen the boundary, areas to eliminate intergranular 
cracking and consequent low resistance to crack propagation. Long—time 
aging resulted in little further change in short—time rupture strength, 
and longer—time service at 1200° F was sufficient to develop a grain 
boundary phase in the unaged material and thus to raise its rupture 
strength to compare favorably with the strengths of prior—aged material. 
3. Because the effect of aging in general was to lower the creep 
resistance and to raise the rupture strength, for the time periods 
considered, aging resulted in a material which exhibited greater 
ductility before fracture. 
It is indicated that alloys might be developed with strength 
comparable to that of N-155 by the use of other alloying elements, or 
that an alloy of the same general type with improved creep strength 
might be developed by replacing or supplementing the elements of large 
or small atomic radius present in low—carbon N-175. Elements of the 
same atomic radius as molybdenum, columbium, or tungsten, which could 
possibly act as substitutes or supplemente, 'include aluminum, silver, 
and tantalum and elements of larger atomic radius suitable for 
additional alloying include zirconium, cerium, and titanium. Boron 	 a 
appears to be the only promising alloying element of small atomic 
radius not at present used in N-155. 
It is emphasized that the foregoing explanations for the effect 
of aging on the properties of low—carbon N-155 alloy at 1200° F apply 
at present only to that alloy and are not to be taken as general. It 
is entirely possible that this alloy will prove to be an unusual one 
exhibiting behavior which is the exception to some general rule to 1 
established as a result of further inveitigation on other alloys. 
University of Michigan 
Ann Arbor, Mi ch., January 18, 19149
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APPEIWIX
PROCF2SI OF LOW-CARBON N-155 7/8-INCR BROKEN-CORNER SQUARE BAR

STOCK FROM BEAT A-1726 
• The Universal-Cyclops Steel Corporation reported the processing of 
the low-carbon N-155 bar stock to be as follows. 
An ingot was haimner cogged and then rolled to bar stock under the 
following conditions: 
(i) Bäminer cogged to a 13-inch-square billet 
Furnace temperature, 22100 to 22200 F 
Three heats - Starting temperature on die, 20700 to 20700
 F 
Finish temperature on die, 18300 to 18700 F 
(2)Rammer cogged to a lO--inch-square billet 
Furnace temperature, 22000 to 22200 F 
Three heats - Starting temperature on die, 20700 tO 20700 F 
Finish temperature on die, 1790° to 18000 F 
(3)Hamriier cogged to a 7-inch-square billet 
Furnace temperature, 2200° to 2220° F 
Three heats - Starting temperature on die, 2050° to 20700 F 
Finish temperature on die, 1790° to 1890° F 
Billets ground to remove surface defects 
(14
.) Hammer cogged to a 4-inch-square billet 
Furnace temperature, 21900 to 22100 F 
Three heats - Starting temperature on die, 2040° to 20600 F 
Finish temperature .on die, 1680° to 1880 0
 F 
Billets ground to remove surface defects 
(5)Rammer cogged to a P2-inch-square billet 
Furnace temperature, 2180° to .2210° F 
Three heats - Starting temperature on die, 2050° to 2065° F 
Finish temperature on die, 1730° to 1870 0 F 
Billets ground to remove surface defects 
(6)Rolled from a 2-inch-square billet to a 7/8-inch broken-corner 
square bar - one heat 
Furnace temperature, 2100° to 21100 F 
Bar temperature at start of rolling, 2050° to 20600 F 
Bar temperature at finish of rolling, 1910° F
0
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(7) Bars are numbered 1 through 56; bar 1 represents the extreme bottom 
of ingot and bar 6 the extreme top position 
All billets were kept in number sequence throughout all processing, 
so that ingot position of any bar can be determined by Its number 
(8) All bars were cooled on the bed and no anneal or stress relief was 
applied after rolling
28
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TANI 1 
XFFYT OF ALIt ON	 aJ12 op (in) lINE OF LOW-CANEOII 
N.-155 ALLOY SOLUrION-TREATED 10 HOURS .F 2200° F
AND WATER-QIJINCRED 
Intone Ity, Aging tim I/Ia Average Mean deviation 
(°F) (1) Intensity from average 
1200 0.5 1.102 1.01i9 
1.075 
1.169 1.099 O.O37 
i.o : 
.9k3 
.822 
.827 .885 i.okk 
30 1.112 1.075 
.975 
.965 
.955 1.016 ±.06 
10.0 1.019 
.967 
1.061 
1.000 1.007 ±.025 
30.0 1.037 1.073 
1.021 
1.02k 1.039 ±.02 
1000.0 .89k 
.900 
.872 
.927 .888 i.023 
lkOO
.5 .89 
.82 
.85 .85 i.02 
1.0 .83 
.87 
.80 .83 i.02 
3.0 .9k 
.9k 
.98
.95 ±.02 
10.0 .99 
.99 .99 .00 
30.0 .97 
1.05 
1.32 1.05 i.05 
100.0 1.02 
1.18 
1.17 1.32 ±.07 
1000.0 1.1k 
1.16 1.15 j.01 
1600
.5 .91 
1.01 .96 .05 
1.0 .8k 
.88 .86 ±.02 
3.0 .88 
.72 
.87 .82 ±.07 
10.0 .92 
.89 
.93 .91 ±.02 
100.0 1.01 
1.05 
1.06 1.0k i.02 
1000.0 1.21 
1.02 
1.1k 1.12 i.07
peak intensity of aample aged as indicated. 
To peak intensity Of imaged eainple.
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TABLE 2 
KFECT OF Ai1 ON %I]YTH OF (in) DIFFRACTION LINE OF LOW-CARBON 
N-i55 ALLOY SOLUTION-TREATED 10 flOURS AT 2200° F 
AND W.ATER-Q,UENCBED
[Copper	 rdiationj 
temperature 
()
Aging time 
(hi')
Line width, 
i. Iwo 
(1)
Average 
width
Mean deviation 
from average 
ili.00 1.0 0.97 
1.014. 
1.01 1.01 ±0.02 
3.0 1.014. 5 - 
• .97 1.00 ±.02 
S 10.0 e99 
.96 .98 ±.02 
30.0 i.o6 
.97 
1.06 1.03 
100.0 1.00 
.91 
.99 .97 ±.0 
1600 .5 .95
S 
1.014 .99	 S 
1.0 1.03 
1.02 1.02 ±.02 
3.0 1.03 
1.15 
1.014 1.07 ±.05 
10.0 1.00 
1 • 01 
1.00 1.00 
100.0 1.00 
1.02 
.91 .96
width of (Ui) line of specimen aged at indicated time and temper-
ature. 
width of (in) line of unaged matQrial. 
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TABI 1. 
EFFECT OF ACfl ON CREEP 6TRE1TE OF LGI-CARBON
N-155 ALLOY SOU1TION-TREATED 10 HOURS 
AT 2200° F AND WATER-QUEECFED 
Aging 
temperature
Aging 
time
Test 
temrtUre
Stress 
(psi)
Sec ondry 
creep rate 
(in.(in./hr) 
1200 100.0 1200 30,000 0.000007 
1000.0 30,000 .000012 
i! 00 1.0 1200 30,000 .000011 
60,000 . 00 
.0011. 
3.0 60,000 .002 
10.0 30,000 .000007 
6o,000 .0026 
.0025 
30.0 -	 60,000 .005 
100.0 30,000 .000063 
.000070 
60,000 .013 
• 0011. 
1000.0 30,000 .000095 
60,000 .019 
.018 
1600 1.0 1200 30,000 .000017 
60,000 .0038 
• 0011. 
10.0 30,000 .000011.7 
60,000 .006 
.008 
100.0 30,000 .000112 
60,000 .013 
.013 
1000.0 30,000 .00025 
60,000 .021 
.017 
Unaged 1200 30,000 .000005 
.000008 
60,000 .015 
.007
3 'rhe minimum observed rate at 60,000 psi or the rate between 11.0 and 50 hr after start of 
testing at 30,000 psi. 
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TAR1 5

RUPrUHE CRARACTRR]BTICS AT 1200° F OF 14N-CASBOR N-155 ALLOY

SQLUTXON-'TREATXD 10 R0W AT 2200° F, WI.TER-QUEBKD, 
AND .4XD AS INDICATED 
Aglug time 
(lir)
Streac 
(pal)
Rapture time 
(hr)
Elongation 
(percent)
Reduction Mailmen true atrain 
(1) 
1400 0.5 70,000 0.27 23.8 22.6 0.126 
60,000 1.21 lli.5 16.8 .091 
1.0 75,000 .22 26.]. 28.2 .165 
70,000 .38 20.6 22.6 .126 
65,000 1.12 15.9 19.7 .109 
60,000 2.71 13.2 19.0 .105 
2.78 ---- 20.5 .114 
50,000 22.00 11.6 18.0 .100 
3.0 75,000 .37 24.2 26.8 
60,000 12.7 16.2 
10.0 78,000 .21 27.7 27.5 .162 
70,000 1.45 22.0 21.8 .122 
60,000 7.80 19.1 16.2 .087 
10.05 13.0 13.1 .069 
6.25
---- 15.4 .084 
50,000 29.5 10.2 11.0 .058 
30.0 70,000 1.83 24.6 28.2 
60,000 15.73 23.4 28.8 
100.0 80,000 .05 30.6 43.7 .285 
75,000 .81 27.1 29.5 .174 
70,000 2.73 22.9 31.5 .194 
60,000 32.5 21.0 26.8 .157 
8.0
---- 32.2
.195 
50,000 63.0 23.5 24.5 .140 
1000.0 75,000 1.21 26.5 37.9 .240 
60,000 10.5 21.7 34.8 .213 
6.75 ____ 36.6 .227 
50,000 82.75 27 30.7 .182 
59 . 5 27 34.2 .208 
1600
.5 70,000 2.25 19.8 23.14 .131 
1.8] 21.6 20.5 .113 
60,000 10.00 ---- 16.8 .092 
1.0 75,000 .35 23.0 34.2 .207 
65,000 3.73 20.0 22.6 .128 
60,000 9.12 12.3 15.4 .083 
7.83 ---- 17.6 .096 
50,000 41.0 4. 10.7 .058 
10.0 65,000 4.38 26.1 29.5 .174 
60,000 22.83 22.5 26.2 .150 
6.25 ---- 2.1.1 .120 
50,000 149.75 15.7 21.3 .120 
100.0 75,000 .145 35.5 39.8 .254 
70,000 1.25 29.4 34.2 .207 
65,000 4.57 27.5 33.2 .199 
60,000 12.50 30.8	 - 35.6 .219 
8.0
---- 38.6 .2142 
50,000 So 26.2 32.3 .192 
1000.0 73,000 .8 26.8 38.6 .243 
60,000 13.5 33.8 42.9
.279 
6.33 _.. 44.6 .296 
50,000 57.5 4.o 30.0 .178 
Unaged 70,000 .083 19.9 23. .131 
65,000 .192 16 21.8 .122 
60,000 .85 14 16.8
.092 
55,000 34.25 10.8 11.7 .062 
50,000 74.0 6.1 10.9	 - .058 
______________ _____________ 23.0 9.2 ----
= lONe f, at fracture aection. 
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TABLE 7 
ELEMEMPS OF ATOMIC RADIUS OVER 2. 8A FOR POSSIBLE
USE IN LOJ-CAPBON N-155 ALLOY 
Unit cell Closest approach 
Element Crystallographic size of atoms 
system (A) (A) 
Cerium Face-centered cubic 5.1143 3.614. 
Zirconium Close-packed, hexagonal 3.223 to 5.123 3.16 
Titan'iuni Close-packed hexagonal 2.953 to ls-.729 2.91 
TABLE 8 
ElEMENTS WITH AN ATOMIC RADIUS OF APPROXIMATELY 2. 
FOR SUBSTITUTION OF TUNGSTEN, MOLYBDE:NTJM, 
OR COLUMBIUM IN LOW-CARBON N-155 ALLOY 
Unit cell Closest approach 
Element Crystallographic size of atoms 
system (A) (A) 
Aluminum Face-centered cubic 14.0408 2.856 
Silver Face-centered cubic 14.2774 2.88 
Tantalum Body-centered. cubic 3.2959 2.85
Page intentionallY left blank 
Page intentionally left blank
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Figure 1.— p1ca1 microstructures of heat A-1726 of low—carbon N-155 alloy. 
&na1l—'ained area. Cross sections of bar Xl00. Electrolytically 
etched in 10 percent cbromic acid.
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X—ray beani
Filni 
Collimator 
X—ray tube
Diffracted X—ray 
150	 beanie 
Specimen 
FIgure 3.- Sectional schematic diagrani of experimental setup for 
studying surraces of polished eaiirples. 
Figure 14• Electrolytic cell for gross metal removal X.
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FIgure 5.- Effect of aging at 1200° F on microstructure of low—carbon 
N-155 alloy solutIon—treated. 10 hours at 2200° F and. water—
quenched.. Cross sections of bar Xl000. Electrolytically etched. 
in 10 percent chromic acid..
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Figure 5.- Concluded.
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Figure 6..- Ffect of aging at 11 4.000 F on	 Lcrostructure of low—carbon 
N-155 alloy solution—treated 10 hours at 2200° F and. water—quenched. 
Cross section of bar Xl000.
	 Electrolytically etched in 10 percent 
chromic acid.
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(g) Aged 1000 hours. 
FIgure 6.— Concluded. 
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(c) Aged. 10 hour8. 
Figure 7.- Electron xrlicrographB of replicas (x8500) prepared from low—
carbon N-155 alloy solution—treated. 10 hours at 2200° F, water—
quenched, and aged at l00° F.
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(c) Aged 1.0 hour. 	 (a) Aged. 3.0 hours. 
Figure 8.— Effect of aging at 16000
 F on microstructure of low—carbon 
N
-155 alloy solution—treated. 10 hours at 2200° F an.d water—quenched. 
Cross section of bar X1000. Electrolytically etched in 10 percent 
chromic acid.
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(g) Aged. 1000 hours. 
Figure 8.- Conclud.ed.. 
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(c) Aged. 100 hours.	 (d) Aged. 1000 hours. 
Figure 9.— KLectron m1cro-aphs of replicas (x800) prepared from low—
carbon N-155 alloy solution—treated 10 hours at 22000 F, water—
quenched, end aged at 1600° F. 
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(a) Unaged: failed in 0.083 hour 
under a stress of 70,000 pal.
69 
(b) Unaged: failed in 3 hours 
under a stress of 55,000 psi. 
-..y	 p-	 - 
p 1! • 
(c) Aged. 1 hour: failed in 0.22 hour	 (d) Aged. 100 hours: failed in 0.05 
under a stress of 75,000 psi.	 hour under a stress of 80.000 psi. 
Figure 18.— Effect of aging at 1)400° F on fracture characteristics at 
1200° F of low—carbon N-155 alloy solution—treated 10 hours at 
2200° F and water—quenched.
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(a)Aged 0.5 hour: failed in 1.81 hours 
under a stress of 70,000 psi.
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(b)Aged 100 hours: failed in 1.25 hours 
under a stress of 70,000 psi.
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Figure 21.— Effect of aging at i600° F on fracture characteristics at 
1200° F of low—carbon N-155 alloy solution—treated 10 hours at 
2200° F and water—quenched.
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